Quantum interface between an electrical circuit and a single atom 
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We show how to bridge the divide between atomic systems and electronic devices by engineering a 
coupling between the motion of a single ion and the quantized electric field of a resonant circuit. Our 
method can be used to couple the internal state of an ion to the quantized circuit with the same 
speed as the internal- state coupling between two ions. All the well-known quantum information 
protocols linking ion internal and motional states can be converted to protocols between circuit 
photons and ion internal states. Our results enable quantum interfaces between solid state qubits, 
atomic qubits, and light, and lay the groundwork for a direct quantum connection between electrical 
and atomic metrology standards. 



Atomic systems are remarkably well suited to storage 
and processing of quantum information [1^ 2 . However, 
their properties are tightly constrained by nature, caus- 
ing difficulties in interfacing to other optical or electronic 
devices. On the other hand, quantum electronic circuits, 
such as superconducting interference devices, may be eas- 
ily engineered to the designer's specifications and are 
readily integrated with existing microelectronics [3] . The 
naturally existing couplings between a single atom and 
a single microwave photon in a superconducting circuit 
are too weak for practical coherent interfaces. The cou- 
pling has been estimated at tens of Hz [4j , much smaller 
than the decoherence rate of 10^ s~^. For trapped ions, 
the coupling between the electric dipole induced by ion 
motion and the electric field of the superconducting cir- 
cuit can be much larger, on the order of several hundred 
kHz. Unfortunately, this coupling is far off resonance. 
Motional frequencies of trapped ions are limited to tens 
of MHz, while any superconducting circuit must main- 
tain GHz operating frequencies to avoid thermal noise, 
even in the extreme cryogenic environment of a dilution 
refrigerator. 

In this Letter, we propose a method to couple single 
trapped ions with microwave circuits, bridging the gap 
between the very different frequencies of ion motion and 
microwave photon by parametric modulation of the mi- 
crowave frequency. The resulting coupling strength of 
~ 27r X 60 kHz is sufficient for high-fidelity coherent op- 
erations and similar to the strength of currently obtained 
ion- ion couplings E] . A simple model system illustrat- 
ing the key concepts is shown in Fig. [l] Microwave 
photons reside in a superconducting LC circuit with nat- 
ural frequency cjlc = 1/VLC ~ 1 GHz. A single ion 
is confined within the capacitor Cs and can oscillate at 
the motional frequency cj^ ~ 10 MHz. The circuit volt- 
age across Cs generates an electric field that couples to 
the ion's motional electric dipole. Modulating the cir- 
cuit capacitance by Cmod at a frequency u causes the 




FIG. 1. Equivalent-circuit model of our scheme for ion-circuit 
coupling. 

superconducting voltage to acquire sidebands at frequen- 
cies cjlc i ^- The coupling between the superconduct- 
ing circuit and the ion motion becomes resonant when 
uji ~ cjlc — ^- The interaction Hamiltonian is then 

^int = hg ab^ + h.c. (1) 

where a and b are the annihilation operators of the mi- 
crowave photon mode and the ion motional mode, re- 
spectively. As shown below, ^ ~ 27r x 60 kHz. 

The coupling between the LC circuit and the ion mo- 
tion allows us to generalize all the well-known protocols 
operating on ion spin and motion to protocols operat- 
ing on ion spin and LC state. Ion spin-motion protocols 
based on laser [7 or microwave fields [8, 9 now allow 
for generation of nearly arbitrary spin/motion entangled 
states. If the capacitance modulation is switched on for 
a time T = 7r/(2^), Eq. ([T]) shows that the mode op- 
erators evolve as a(T) = —ib{0),b{T) = — m(0), i.e., a 
perfect swap between LC and motional modes. For a uni- 
tary operator U (6, <j) describing a protocol between the 
ion motion and the ion spin operator <j, the sequence 1) 
swap LC/motion, 2) apply a), 3) swap LC/motion 
implements the same unitary /7(a,<j) between the LC 
and spin modes. By this means, one can establish a 
quantum communications channel between LC circuits 
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FIG. 2. Schematic of a device for coupling trapped ions to a 
microwave resonant circuit, a) Top view of surface ion trap 
showing RF and DC trapping electrodes. The "LC island" 
electrodes couple the ion motion to the LC circuit excitation, 
b) Side view of device, showing ion trap, superconducting in- 
ductor, and BAW device, c) Exploded side view of BAW de- 
vice. Purple line: transverse displacement of BAW substrate 
due to classical driving. 



in separate dewars, couple ion spins through a common 
LC circuit for large-scale quantum computing on a single 
chip, and perform Heisenberg-limited voltage metrology 
in the microwave domain by generating large Schrodinger 
cat states of the LC mode. 

Realisation of ion-CQED coupling.- Figure [2] shows a 
schematic of a device implementing the simple model 
described above. The device combines an ion trap, a 
microwave LC circuit, and a bulk- acoustic- wave (BAW) 
microelectromechanical modulator to coherently couple 
the quantized motion of trapped ions at MHz frequen- 
cies with microwave photons at 1 GHz. We now describe 
a specific design to give real-world parameters relevant 
to our system. 

Ions are confined above a planar electrode structure of 
a type now widely used for microfabricated trap arrays 
[To] . Applying appropriate voltages to the electrodes gen- 
erates RF electric fields, which provide a ponderomotive 
confining potential transverse to the trap axis, and DC 
fields that give rise to a harmonic potential along the 
axis. The ion trap parameters are taken to be typical for 
planar traps with ions confined at height h = 25 /im 
above the plane with an axial frequency cui of 27r x 1 MHz. 
For the commonly used ^Be^ ion, the harmonic oscillator 
length is then zq = ^yh/ (2muJi) = 24 nm. 

A superconducting inductor is attached to the island 
electrodes and a silicon bulk-acoustic-wave resonator 
(BAW) is mounted near the inductor (see the Supplemen- 
tal Material for technical details). The inductance of 440 
nH, combined with the total static circuit capacitance of 
Co = 46 £F, then yields cjlc = 1 GHz, with characteristic 



impedance of Z = 2.7 kQ. The zero-point charge fluctu- 
ation on the resonator is qo = ^Jh| {2Z) =0.9 electrons. 

The ion-circuit coupling is provided through two copla- 
nar islands near the ion position that are each connected 
to a terminal of the superconducting inductor. The mi- 
crowave electric field between these islands couples to 
the ion motion along the trap axis through the electric 
dipole of the moving ion charge. To activate the ion- 
circuit coupling, one excites acoustic waves in the BAW 
at frequency ub ^ ^LC —^i by voltage driving of metallic 
electrodes on the BAW surface. The modulation of the 
BAW-substrate gap distance provides the desired capac- 
itance modulation. 

The classical dipole interaction energy of the ion due 
to the axial electric field Ez from the island electrodes is 
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where h is the ion height, V is the voltage between the 
islands, is a dimensionless constant of order unity set by 
the electrode geometry, C is the total circuit capacitance, 
and Q is the total charge on the circuit. Simulation of 
the electric field near the island electrodes gives ( = 0.25. 
The BAW drive modulates the capacitance as C = Co(l+ 
rjsmut) with modulation depth r] = 0.3, so that 
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We now quantize the LC and ion motion, but keep 
the BAW motion classical. In the rotating frame with 
respect to LC and motion, the total Hamiltonian of the 
ion-LC system becomes (for details of the calculation, see 
the Supplemental Material) 
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(4) 



where = e(zoqo/{hCo) and A = u — (cjlc — ^i)- For 
the numerical parameters given above, qq = 2itx 200 kHz 
and T] = 0.3, giving g = 27r x 60 kHz. 

Because the BAW is only used as a parametric drive in 
our scheme, it contributes negligible noise to the LC and 
motional modes. To first order, the only semiclassical 
effect of the BAW is variation in the coupling parameter 
T] between the ion motion and the LC-there is no direct 
(linear) coupling between the motion of the BAW and 
these other two variables. Hence parametric heating is 
the main source of noise added by the BAW. While ther- 
mal motion of the BAW can in principle produce para- 
metric heating, in most practical settings errors in r] will 
be determined by classical control errors in setting the 
BAW amplitude. 

The chief quantum noise contribution of the BAW 
arises from the entanglement induced by the LC and ion 
systems with the BAW and, indirectly, its environment. 
This entanglement occurs via the parametric coupling. 
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and manifests as a static displacement of the BAW that 
depends on LC photon number n^c- The displacement 
can be estimated as 
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(5) 



where is the harmonic oscillator length of the BAW 
and is the BAW damping rate. For typical BAW 
parameters at ~ 1 GHz, one finds xb ^ 10~^^ m 
and tvB ^ 100 kHz, so that Clc/Co ^ 10~^ even for 
riLc ^ 100. Hence the BAW contributes negligible quan- 
tum noise for our purposes. 

LC/spin protocols. -LC /spin protocols can be executed 
by the swapping method with fidelity well over 95%. Q 
as high as 5 X 10^ have been reported for an LC circuit 
[12 , giving a decoherence rate of 2 ms~^. Motional de- 
coherence rates of 0.5 s~^ have been demonstrated in a 
cryogenically cooled ion trap with an ion height of 150/im 
and 1 MHZ motional frequency [l3j- This rate scales 
as ^ [14^, so at our 25 jam height, we estimate 

a rate of 0.5 ms~^. Spin decoherence is negligible on 
these timescales [7. Hence the overall decoherence rate 
is 2.5 ms~^, limited by LC damping. The total spin/LC 
operation requires two LC/motion swaps, each taking 3 
/is, and the spin/motion protocol, with typical Rabi fre- 
quency Qq ^ 27T X 100 kHz [7|. A typical spin/motion 
protocol requires approximately a 7r/2-pulse time, so the 
total time required for the LC/spin protocol is 10 /is. 
The infidelity is given by the ratio of decoherence rate to 
operation rate, i.e., 0.03. 

Quantum interfaces between LC and spin can be 
achieved through a Jaynes-Cummings spin/motion inter- 
action [7]. If the LC mode is regarded as the microwave 
analog of a linear-optical qubit, this interaction serves as 
a quantum logic interface between ion spin and single-rail 
microwave photon qubits. A 7r/2 pulse of the interaction 
performs an LC/spin CNOT gate. 

An alternative LC-spin quantum interface swaps spin- 
dependent displacement of the ion motion into the LC 
mode. The unitary evolution for such a protocol is given 

by 



Uef[{a) = exp [{aa + a*a^)(Ja;] 



(6) 



Such an operation could be used to teleport a superpo- 
sition of spin states into a superposition of coherent LC 
states. 

These interactions allow us to use the LC and ion 
modes as quantum buses for more complex tasks. The 
Jaynes-Cummings LC/spin interaction enables quantum 
communication between LC circuits in independent 
cryogenic environments, as shown in Figure [3]^ a). Each 
ion interface is controllably coupled to a high-finesse 
optical resonator. After LC/spin coupling, the spin is 
mapped to the polarisation state of an outgoing optical 
photon, as in recent experiments [15 . Overall, this set 
of operations coherently couples the microwave photon 
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FIG. 3. Quantum buses enabled by LC/motion coupling, a) 
Quantum communication between LC circuits in independent 
cryogenic environments, b) Nonlocal ion spin-spin gates on a 
single chip. 



state to the optical domain. In particular, one could 
entangle independent superconducting qubits via condi- 
tional photon measurements [16 . This task is impossible 
using direct microwave signaling, owing to the thermal 
noise of microwave links at room temperature. 



The spin-dependent LC displacement lets perform 
nonlocal ion spin-spin gates on a single chip through a 
shared LC mode (Fig[3];b)). The spin-spin bus is based 
on the spin-dependent displacement operation D{aqay). 
Two ions (with identical phonon frequencies) in multiple 
traps are capacitively coupled to the LC circuit. Per- 
forming four spin-dependent displacements that enclose 
a square in phase space with side length L = aJz^ one 
picks up a phase of 2|Lp = 4|ap(l + ai^Vi^^), which is 
the desired spin-spin interaction [17 . Along with single 
qubit gates, this interaction provides a sufficient gate set 
for universal quantum computation [18] . 



Spin-dependent displacement of the LC causes a su- 
perposition of spin states to evolve into a superposition 
of LC coherent states. Such superposed coherent states 
can detect field displacements with Heisenberg-limited 
sensitivity [19 . In the present context, these states en- 
able Heisenberg-limited metrology of small voltages at 
microwave frequencies. The mean photon number in the 
generated state can exceed 100 for our parameters. The 
RMS voltage is then '^0.1 mV and can be estimated at 
sub-/iV precision in a single shot. 

Resistance to motional heating.- Rapid technical ad- 
vances in superconducting circuits mean that the LC co- 
herence time may substantially increase in the near fu- 
ture, leaving ion motional heating as the primary source 
of decoherence. We have developed a modified LC/spin 
coupling scheme similar to [17, 20 that resists ion heat- 
ing. We simultaneously apply bichromatic LC/motion 
and motion/spin couplings at detunings ±J from the 
blue-sideband and red-sideband resonances. In the frame 
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rotating with ion motion, the Hamiltonian becomes 



M : 
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(7) 
(8) 



where x = {b-\-b^)/ >/2 , p = —i{b — b^)/ \f2 are dimension- 
less motional operators, q = (a+a"*")/ V2 is the dimension- 
less charge operator, and we approximate <^ 6 <^ ooi. 
The Hamiltonian ([7| is identical to that of [21], except 
that the collective spin operator Jy is replaced by the 
collective spin-LC operator M. The ion motional state 
undergoes M-dependent phase-space displacement along 
a closed trajectory, giving rise to an dependent geo- 
metric phase. At times tn — 27rn/|(^| with n an integer, 
the evolution operator becomes simply 



IJn exp 



27rn ^ o 
-zsign((5)^M^ 



(9) 



The undesired cp' term in Eq. (|9| can be removed by 
a spin echo sequence ZVlZVn, where Z = e"^^^- IS a 
fast TT-pulse of the spin, and is obtained by changing 
6 —6. The overall time evolution is then ex.p{aqax) 
with a = —4:i7rngoQor]/{3S'^). 

A straightforward modification of the arguments of 
S0rensen and M0lmer ^21^ shows that this coupling can be 
made arbitrarily resistant to ion motional heating. The 
loss of fidelity due to heating is ex 1/^^ in the limit of low 
infidelity, while the effective coupling constant is oc 1/S. 
Even if the heating rate is larger than the coupling con- 
stant, one can still achieve near-perfect coupling. 

Outlook.- Our ion-circuit coupling enables a powerful 
hybrid quantum system with operation speeds similar to 
those for ion spins. This system can perform nonlocal 
quantum gates between ions on a single chip, nonlocal 
quantum communication between electrical circuits, and 
Heisenberg-limited voltage metrology. The coupling can 
be made resistant to ion motional heating. Current ex- 
periments in classical ion-circuit coupling [HI E] can be 
extended in a natural way to realise our scheme. 
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